Panneton WM, Gan Q, Juric R. The rat: a laboratory model for studies of the diving response. J Appl Physiol 108: 811-820, 2010. First published January 21, 2010; doi:10.1152/japplphysiol.00600.2009.-Underwater submersion in mammals induces apnea, parasympathetically mediated bradycardia, and sympathetically mediated peripheral vasoconstriction. These effects are collectively termed the diving response, potentially the most powerful autonomic reflex known. Although these physiological responses are directed by neurons in the brain, study of neural control of the diving response has been hampered since 1) it is difficult to study the brains of animals while they are underwater, 2) feral marine mammals are usually large and have brains of variable size, and 3) there are but few references on the brains of naturally diving species. Similar responses are elicited in anesthetized rodents after stimulation of their nasal mucosa, but this nasopharyngeal reflex has not been compared directly with natural diving behavior in the rat. In the present study, we compared hemodynamic responses elicited in awake rats during volitional underwater submersion with those of rats swimming on the water's surface, rats involuntarily submerged, and rats either anesthetized or decerebrate and stimulated nasally with ammonia vapors. We show that the hemodynamic changes to voluntary diving in the rat are similar to those of naturally diving marine mammals. We also show that the responses of voluntary diving rats are 1) significantly different from those seen during swimming, 2) generally similar to those elicited in trained rats involuntarily "dunked" underwater, and 3) generally different from those seen from dunking naive rats underwater. Nasal stimulation of anesthetized rats differed most from the hemodynamic variables of rats trained to dive voluntarily. We propose that the rat trained to dive underwater is an excellent laboratory model to study neural control of the mammalian diving response, and also suggest that some investigations may be done with nasal stimulation of decerebrate preparations to decipher such control. nasopharyngeal reflex; blood pressure; bradycardia; pulse pressure THE MAMMALIAN DIVING RESPONSE has been called the "master switch of life" (86); it may indeed be the most powerful autonomic reflex known. It profoundly alters normal cardiorespiratory behavior and supersedes common homeostatic reflexes active with our every breath and heartbeat. The chemoreceptor reflex, which normally adjusts respiratory rhythm or pattern when blood gases become abnormal, is inhibited during diving behavior. The baroreceptor reflex, which utilizes bulbospinal neurons in the rostral ventrolateral medulla that usually are silenced by increases in arterial blood pressure, astonishingly increases their firing with a rise in blood pressure when accompanied by stimulation of the nasal mucosa (59). The diving response in numerous species consists of several independent reflexes inducing an apnea, a dramatic bradycardia, and a peripheral vasoconstriction (6, 8, 9, 13, 14, 20, 22, 24, 41, 42) . These autonomic adjustments are called the diving response because it is best seen in naturally diving marine mammals, but the response is present to some degree in all mammals tested, including the laboratory rat (49, 50, 56, 58, 67-69, 74, 98).
THE MAMMALIAN DIVING RESPONSE has been called the "master switch of life" (86) ; it may indeed be the most powerful autonomic reflex known. It profoundly alters normal cardiorespiratory behavior and supersedes common homeostatic reflexes active with our every breath and heartbeat. The chemoreceptor reflex, which normally adjusts respiratory rhythm or pattern when blood gases become abnormal, is inhibited during diving behavior. The baroreceptor reflex, which utilizes bulbospinal neurons in the rostral ventrolateral medulla that usually are silenced by increases in arterial blood pressure, astonishingly increases their firing with a rise in blood pressure when accompanied by stimulation of the nasal mucosa (59) . The diving response in numerous species consists of several independent reflexes inducing an apnea, a dramatic bradycardia, and a peripheral vasoconstriction (6, 8, 9, 13, 14, 20, 22, 24, 41, 42) . These autonomic adjustments are called the diving response because it is best seen in naturally diving marine mammals, but the response is present to some degree in all mammals tested, including the laboratory rat (49, 50, 56, 58, 67-69, 74, 98) .
A long-term goal of our laboratory is to establish the neural circuits driving the reflexes comprising the diving response. Nevertheless, it is somewhat difficult to obtain data from the brains of aquatic mammals like seals diving in their natural environment (7) . Some investigators have performed "forced" submersions, in which animals were "dunked" underwater in the laboratory (16, 17, 31, 35, 36, 43, 49, 50, 53, 55, 86, 95) , but accessing the central nervous system is still difficult with forced underwater submersion. Moreover, it has been questioned whether the hemodynamic responses to voluntary diving are similar to those of forced submersions (16, 35, 40, 55) .
Accurate targeting of brain structures is greatly enhanced by stereotaxic maps of the three-dimensional brain, but such a coordinate system is dependent on similar skulls enclosing brains of uniform size, and neither is assured in large feral mammals. However, responses similar to those seen during underwater submersion of marine mammals can be elicited in smaller laboratory mammals. For example, stimulation of the nasal mucosa of laboratory mammals with irritant vapors (15, 26, 32, 57, 60, 71, 73, 74, 76, 79, 81, 99, 100, 103 ) also elicits dramatic changes in cardiorespiratory function similar to those seen in aquatic mammals with submersion. This feature is advantageous since various pharmacological and physiological tests can be done on table preparations in a more controlled laboratory setting. Although the physiological responses of this nasopharyngeal reflex resemble those seen in diving mammals, it is uncertain whether the same neural circuits are utilized.
Our efforts to establish the neural circuits driving the diving response were hindered when we did experiments on the feral muskrat (16) , a naturally diving rodent with little information known about its brains (15, 70) . However, the laboratory rat is the most commonly used rodent for systems neuroscience research, and excellent stereotaxic atlases of its brain have been developed (80, 93) . Moreover, a wealth of information is available about the control of cardiorespiratory systems of the laboratory rat. We thus hypothesized that data from voluntarily diving rats, a species with much information available concerning both their brains and cardiorespiratory functioning, would provide a valuable model for future studies of this dramatic response. Hemodynamic data are obtained from submersion of awake rats instrumented with telemetric transmitters; these data are compared with those from other experimental paradigms in the hope of establishing a table preparation that best mimics the hemodynamic changes seen in the mammalian diving response. This study compared heart rate (HR), mean arterial blood pressure (MABP), and pulse pressure (PP) of rats trained to voluntarily dive underwater to 1) those swimming on the surface of the same water maze; 2) those involuntarily submerged underwater either after being trained to dive underwater or when naive to water; and 3) those either anesthetized with urethane or decerebrated without anesthesia and then having their nasal mucosa stimulated with ammonia vapors. We also discuss the effects of anesthesia on cardiovascular activity and of stress on these responses obtained in the white laboratory rat. Part of these results have appeared previously in abstract form (74) .
MATERIALS AND METHODS
Fourteen initially immature (70 -90 g ) and 11 adult (ϳ275-325 g) male Sprague-Dawley rats were obtained commercially (Harlan, Indianapolis, IN) and used in this study. All protocols were approved by the Animal Care Committee of Saint Louis University and followed the guidelines published in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The rats learned to swim and dive just after weaning through a maze constructed of Plexiglas (58) in water maintained at 30 Ϯ 2°C to reduce thermal stress (52) . The rats were first trained to negotiate the maze by swimming on the surface of the water and then trained to dive underwater through the 5-m path. When placed in the start area, the rats voluntarily initiated their own dives to reach the finish area. The rats appeared unstressed by either the training protocol or the exposure to water. No external reward was used during the training protocol.
These animals were utilized in the following manner. 1) Eight of the immature rats trained to swim and dive underwater swam on the surface of the water on 1 day (voluntary swimmer group). The next day these same rats volitionally dove underwater (voluntary diver group), after which they were immediately anesthetized and stimulated nasally with ammonia vapors (nasally stimulated, anesthetized group). 2) Another six immature rats were trained to voluntarily dive underwater, but these rats were forcibly submerged underwater (dunked diver group). 3) Five adult naive rats were involuntarily forced underwater (dunked naive group). 4) Six adult naive rats were decerebrated, and their nasal mucosa was stimulated with ammonia vapors (nasally stimulated, decerebrate group).
The immature rats were trained 5 days/wk for 5-6 wk to learn to both swim and dive underwater through a maze (58) . Once these rats reached 270 -290 g they, as well as the five untrained naive adult rats, were anesthetized with ketamine-xylazine (60 -40 mg/kg ip), and the catheter of a biotelemetric transmitter [model PA-C40; Data Sciences International (DSI), St. Paul, MN] was inserted into their femoral artery; the transmitter itself was implanted in their abdominal cavity. These transmitters allow for the monitoring of pulsatile blood pressure in awake, spontaneously active animals. The rats were given buprenorphine (0.1 ml/100 g ip) postoperatively and healed for 5 days without training. They then continued training until the experiment.
The transmitter's broadcast was received with a radio receiver (model RLA3000; DSI), relayed to a Calibrated Pressure Analog Adaptor (model R11CPA; DSI), transferred through an analog-todigital (A/D) interface [1401 plus; Cambridge Electronic Design (CED), Cambridge, UK], stored in the computer, and analyzed with Spike 2 software (CED). Systolic, diastolic, and mean arterial blood pressures were calculated, and HR was determined by counting peaks of systolic pressure. Also, we assumed that the rats did not attempt to breathe while underwater since they readily dove underwater multiple times and showed no difficulty in breathing after their experience and none drowned during submergence.
Underwater submergence and swimming. Five to seven days after implantation of the transmitters, arterial blood pressure was recorded from awake rats either trained to dive/swim or naive to water. Eight of the trained rats swam voluntarily through the water maze, and data from these were placed in the swimming group. The next day, these same rats voluntarily dove underwater, and their data were placed in the diving group. Six other trained rats very familiar with a water environment and five untrained rats unfamiliar with water were forcibly submerged underwater for ϳ20 s, and data from these were placed in the dunked diver or dunked naive groups, respectively. Hemodynamic data were recorded from all of these rats for five trials, with 5 min between trials, whether they voluntarily dove/swam or were involuntarily dunked underwater.
Nasal stimulation. The eight rats utilized for voluntary diving were anesthetized with urethane (1 g/kg ip); data from these made up the nasally stimulated anesthetized rat group. Another six naive adult rats were anesthetized with 4.0% isoflurane and placed in a stereotaxic apparatus. After the isoflurane was reduced to 2.0%, the rats' skulls were opened dorsally and their brain stems were transected between the superior and inferior colliculi by lowering a cutting device attached to a micromanipulator through the brain to the base of the skull. Our cutting device was crafted to be blunt and generally cut the brain with pressure. More importantly, however, vessels on the ventral surface of the brain maintained their integrity since they were compressed rather than cut. Thus bleeding generally was minimized; substantial bleeding was noted in only one rat, and this stopped within minutes. After the transection, the isoflurane anesthesia was terminated and the rat was removed from the stereotaxic device. Nasal stimulations with ammonia vapors commenced within 15 min after transection. Data from these rats made up the nasally stimulated decerebrate rat group.
For rats in either category receiving nasal stimulation, a femoral artery was cannulated for measurement of arterial blood pressure. The trachea was exposed and transected just caudal to the larynx. A cannula was placed in the distal trachea for spontaneous ventilation, while another was passed through the larynx and nasopharynx to the choanae and attached to suction. A gentle suction was generated by a vacuum pump (Gast Manufacturing) adjusted below the threshold at which normal respirations are altered. A cotton ball soaked in a 50% ammonia solution was placed near the nares, and vapors from it were drawn over the nasal mucosa from suction applied to the nasopharyngeal tube for five trials of 5 s each. Five minutes separated trials. Arterial blood pressure and respirations were sensed and impulses were transduced (Gould P23 and PT5, respectively; Grass Instruments, West Warwick, RI) and amplified (Grass 7P122). Signals for arterial blood pressure and respiration were transmitted to a computer through an A/D interface (1401 plus; CED), stored, and analyzed with Spike 2 software (CED). HR was determined by counting systolic peaks on the blood pressure trace.
Data analysis. Data for MABP, HR, and PP were calculated for a 5-s period during stimulation and compared with similar parameters taken immediately before stimulation. Although intervals of bradycardia at its nadir and blood pressure at its peak were sought, this was not feasible in instances where these parameters were uncoordinated in time or if there was stimulus artifact due to interference of signals from their underwater source. The hemodynamic data from the rats were placed into six groups: 1) voluntary diving rats (n ϭ 8; 40 trials); 2) voluntary swimming rats (n ϭ 8; 40 trials); 3) awake rats trained to dive but dunked underwater (n ϭ 6; 25 trials); 4) awake naive rats that were dunked underwater (n ϭ 5; 20 trials); 5) anesthetized rats with nasal mucosa stimulation (n ϭ 8; 40 trials); and 6) decerebrate rats with nasal mucosa stimulation (n ϭ 6; 25 trials). The hemodynamic parameters of voluntarily diving rats were compared with data from the other groups of rats. Thus diving rats were compared with 1) the voluntary swimmers (see Fig. 3 ), 2) both groups of awake rats that were forcibly submerged underwater (see Fig. 4 ), and 3) both groups of anesthetized and decerebrate rats (see Fig. 5 ).
One-way ANOVA using the Bonferroni post hoc test determined significance between the means of the variables of control and experimental data for each group with SPSS software (v. 13). Data generated from multiple trials from each rat were summed with those from the other rats in each group, and significance from these data from all trials was calculated. Data are presented as means Ϯ SE, and significance was calculated as P Ͻ 0.05. Groups themselves were then compared with ANOVA using the post hoc Bonferroni test and multiple comparisons. Comparisons of groups were plotted as box plots, which are very useful when two or more data sets are compared.
Box plots present a vertical view of the data and show the shape of its distribution, its central value, and its spread. The box itself represents 50% of the data, the 75th percentile marks the top of the box, the 25th percentile marks the bottom, while the median (50th percentile) is shown as a line through the box. Whiskers show the most extreme (maximum and minimum) values in the data set and extend a maximum of 1.5 times the range in the box. Data outside these parameters are considered outliers. Outliers for the present study were few (not illustrated), but for Figs. 3, 4, and 5 were MABP at 147 and 148 mmHg as well as PP of 30 mmHg for experimental data in the diving group, HR at 437 and 449 beats per minute (bpm) as well as PP of 13 and 15 mmHg for control data in the swimming group, and HR of 134 bpm for experimental data in the dunked naive group.
RESULTS
This study compared the multiple hemodynamic variables of HR, MABP, and PP from rats voluntarily diving underwater with those swimming on the water's surface, with both trained and untrained awake rats involuntarily dunked underwater, and with those anesthetized or decerebrate and stimulated nasally with ammonia vapors (Table 1 ). All stimuli induced marked changes in hemodynamic parameters (Fig. 1) . The parasympathetically mediated bradycardia almost always appeared simultaneously in millisecond scales with submersion of the snout in voluntarily diving rats, while the sympathetically mediated increase in MABP usually peaked within 2-3 s after submergence in these animals. The bradycardia often was delayed for a second in the naive dunked rats, however, while MABP often increased either just before or immediately after submergence, peaking within 3-4 s after submergence. Interestingly, the dunked diving rats showed both behaviors depending on the rat. Passing ammonia vapors over the nasal mucosa usually showed immediate increases in MABP and a bradycardia, but since the drop in HR (and thus cardiac output) was less pronounced after nasal stimulation, the increase in MABP began within 0 -2 s. Also, MABP usually peaked at the end of the stimulation period. The bradycardia in the decerebrate rats was immediate and very pronounced in most animals, but the sympathetic activation was muted in most of these rats.
Comparison of control and experimental data. Comparison of the hemodynamic data between the control and the experimental variables for swimming rats showed no significant change in HR, MABP, or PP (Fig. 2) . However, comparisons of data from the voluntary diving rats showed significant differences in HR (P Ͻ 0.001), MABP (P Ͻ 0.001), and PP (P Ͻ 0.001) (Fig. 2) . Similar tests comparing data from trained rats involuntarily submerged (dunked divers) showed highly significant (P Ͻ 0.001) bradycardia and rise in PP, while the increase in MABP was also significant (P Ͻ 0.05) (Fig. 2) . After naive rats were dunked involuntarily, HR was significantly reduced (P Ͻ 0.001) and PP significantly increased (P Ͻ 0.001), but MABP rose only slightly (Fig. 2) . Comparison of the hemodynamic data between control and experimental variables for nasally stimulated decerebrate rats showed significant differences (P Ͻ 0.001) for HR and PP, but the change in MABP was not significant (Fig. 2) . HR was significantly different (P Ͻ 0.001) in anesthetized rats stimulated nasally with ammonia vapors, but neither MABP nor PP was significant (Fig. 2) . Thus the hemodynamic responses obtained from voluntary diving laboratory rats compared favorably with those seen in diving marine mammals. HR and PP responses from decerebrate rats stimulated nasally with ammonia vapors also were comparable to those from voluntary submersion of trained rats.
Comparing experimental data between groups. A purpose of this study was to determine an effective and efficient way to induce the diving response experimentally and thus allow for easier study of its neural control. Since the cardiorespiratory behavior we recorded during the voluntary submergence of the laboratory rat mimics that of marine mammals underwater, we consider these responses the typical diving response for the rat. Thus the hemodynamic data of voluntarily diving rats were compared with those swimming on the water's surface, with those involuntarily dunked underwater, and with those either anesthetized or decerebrated and stimulated nasally with ammonia vapors to determine whether these other paradigms could be used to augment studies of the neural control of the diving response.
Voluntary diving versus voluntary swimming. The hemodynamic changes induced in diving rats versus those swimming appeared markedly different (Fig. 1, A and B) . Multiple comparisons showed that HR and PP (P Ͻ 0.001) and MABP (P Ͻ 0.05) were significantly different when these variables were compared between rats voluntarily diving underwater and those swimming on the water's surface (Fig. 3) .
Voluntary diving versus forced submersion. The underwater submersion of awake rats either voluntarily or involuntarily always induced dramatic hemodynamic changes (Fig. 1, A, C,  and D) . Multiple comparisons between the voluntary divers, the involuntarily dunked diver group, and the involuntarily dunked naive rats showed that the drop in HR to underwater submersion was similar in all three groups (Fig. 4A) . The difference in the rise in MABP during underwater submersion in voluntarily diving rats was significant (P Ͻ 0.001) only compared with dunked naive rats, while the changes in MABP of dunked naive rats also were significantly (P Ͻ 0.05) different from that of dunked divers (Fig. 4B) . The increase in PP between the three groups was not significantly different (Fig. 4C) . Data are means Ϯ SE of hemodynamic variables induced in rats after swimming, voluntary diving underwater, forced submergence underwater (Dunk), or nasal stimulation with ammonia vapors (Decerebrate and Anesthetized). Ctrl, control; Exp, experimental; HR, heart rate; bpm, beats/min; MABP, mean arterial blood pressure; PP, pulse pressure.
Voluntary diving versus nasal stimulation. Nasal stimulation also produced significant hemodynamic changes, but these generally were different from those seen in voluntary diving rats (Fig. 1, A, E, and F) . Multiple comparisons between the voluntary diving rats and the nasally stimulated decerebrate or nasally stimulated anesthetized rats showed that the drop in HR was significantly different between the voluntary diving group and both the decerebrate (P Ͻ 0.001) and anesthetized (P Ͻ 0.01) rats (Fig. 5A) . The median HR of rats diving underwater and nasally stimulated decerebrate preparations, however, were similar. The bradycardia was also significantly different (P Ͻ 0.001) between the decerebrate and anesthetized rats. The rise in MABP in nasally stimulated anesthetized rats was significantly different (P Ͻ 0.001) compared with both the voluntary diving rats and the decerebrate rats (Fig. 5B) . Comparing the increase in PP between these same groups showed that its rise in nasally stimulated decerebrate rats was significantly different from both the voluntary diving rats (P Ͻ 0.001) and the anesthetized rats (P Ͻ 0.01) (Fig. 5C ).
DISCUSSION
Hemodynamic effects of underwater submersion. All cells in a mammal need oxygen to survive; the source of oxygen usually is ambient air, respired through the lungs and transported to all cells via the vascular system using the heart as a pump. However, this source of oxygen is lost to mammals when underwater. The diving response is a very powerful collection of reflexes that allow an organism to preserve intrinsic oxygen, contained especially within its blood, and thus prolong aerobic metabolism in its two most important organs, the heart and the brain. The mammalian diving response consists of a respiratory apnea, a parasympathetically mediated bradycardia, and a sympathetically mediated peripheral vasoconstriction. All these cardiorespiratory parameters are controlled by neurons in the central nervous system.
Many consider seals and whales as premier diving mammals, but the diving response exists in some form in all mammals tested (6, 8, 9, 14, 20, 41, 42) , including the laboratory rat (49, 50, 56, 67-69, 74, 98) . Although many regard rats as strictly terrestrial, feral rats often live in sewers, rivers, and marshes and are excellent swimmers (30) . Moreover, the laboratory rat is descended from the semiaquatic wild rat.
The diving response appears very early in development and may be a safeguard against the hypoxia developed during birth in mammals (88) . The intensity of the diving response decreases after birth in humans (27) but has been strongly implicated as the cause of neonatal death in cases of sudden infant death syndrome (48, 51) . The constant utilization of the diving response by marine mammals during their ontogeny, however, reinforces the bradycardia (28, 65) as well as secondary metabolic and behavioral adaptations (37, 66) to hypoxia induced by underwater submersion. Thus we trained recently weaned rats to reinforce this behavior optimally before inserting the telemetric transmitters. Early training also allowed the rats to become very familiar with a water environ- ment, but inducing new environments to naive adult rats often promotes stress responses (vide infra).
Diving underwater initiates an abrupt bradycardia in marine mammals, while MABP remains relatively unaltered (6, 9, 20, 31, 39, 41, 86, 104) . We show a dramatic bradycardia, a slight increase in MABP, and an increase in PP in laboratory rats during voluntary submergence. The 79% drop in HR, 11% increase of MABP, and 81% increase in PP in voluntarily diving rats during underwater submersion here is comparable to that seen by others (49, 56, 98) . Cardiac output decreases in proportion to the bradycardia, and MABP is maintained near predive values because of the large increase in peripheral resistance throughout the dive (49, 56) . The large increase in PP partially may be maintained by the massive release of epinephrine from the adrenal gland, since this organ is quickly activated during underwater submersion in both mammals (10, 33) and birds (46, 47) , but epinephrine would have little influence on the PP of initial heartbeats. Since these responses in the laboratory rat during underwater submersion are similar to those seen in diving marine mammals, we consider them the typical mammalian diving response of the rat. Note that there were no differences in the changes of HR or PP to underwater submersion, but the increases in MABP of involuntarily submerged rats were significantly different from those of voluntarily diving rats. *P Ͻ 0.05, ***P Ͻ 0.001.
Voluntary diving versus voluntary swimming.
We compared the cardiorespiratory responses of rats voluntarily diving underwater to those voluntarily swimming on the water's surface. Although the swimming rats experienced sensations similar to those of the rats diving underwater (e.g., body immersion and thermal sensation from the water as well as proprioception from exercising muscles), these activities produced markedly different hemodynamic results. Comparisons for HR, MABP, and PP between diving and swimming groups of rats showed that all were significantly different (P Ͻ 0.001). Our rats swam in water at temperatures (29 -32°C) that were warmer than ambient air, but far from the extremes known to induce changes in heart rate (1).
Placing an untrained rodent into a pool of water usually induces swimming behavior and is commonly done experimentally either to promote exercise or to induce stress. However, both exercise (38) and stress (34, 87) usually induce an increase in MABP and a tachycardia, and this usually is seen when placing naive rats in water. Swimming on the water's surface for a short time in the present study apparently was not enough exercise for our trained rats to induce significant changes in HR or PP. However, there was an insignificant drop in MABP here that generally confirmed the results of others (1) . Psychological studies also use swimming to induce stress levels in rodents naive to a water environment (102) . However, there were no increases in HR or blood pressure in our swimming rats, suggesting that their training (58) since juveniles minimized their stress response. Indeed, it was our impression that our rats actually "looked forward" to their aquatic exercises.
The initial stimulus inducing the dramatic hemodynamic changes seen during diving versus those in swimming is unknown. However, these profound changes always were initiated with immersion of the rats' nares in the water. The importance of immersing an innervated snout in water to induce the diving response has been shown similarly by others (16, 18, 43, 85) . We previously have investigated (54, 72, 75, 77 ) the anterior ethmoidal nerve, a small branch of the ophthalmic division of the trigeminal nerve that innervates mucosa surrounding the opening of the nares. Indeed, stimulating this nerve electrically induces responses similar to those seen in diving mammals (54, 83) , while numbing the nasal mucosa with local anesthetics inhibits the response (103) . We have termed this nerve the "gatekeeper" (75) , since it is the first to sense substances entering the upper respiratory tract and eventually the lungs. We suggest that respiration is terminated if these small-diameter fibers sense substances incompatible with life.
Since the cardiovascular consequences of swimming markedly differ from those of underwater submergence, swimming behavior cannot be utilized as a substitute for studies investigating the voluntary diving of rats underwater.
Voluntary diving versus forced submersion. Numerous investigators have chosen to submerge mammals underwater forcibly in the laboratory to better control their experiments (16, 36, 43, 49, 50, 53, 86, 89, 92, 95) . However, many have speculated that the cardiorespiratory behavior of forced dives in aquatic mammals is similar, but not equal to, that seen during natural diving (35, 40, 55) . The changes in HR and PP of awake rats voluntarily diving underwater and either group dunked underwater involuntarily were statistically similar in the present study, contrasting that seen during forced submersion of untrained harbor seals versus those familiar with involuntary submergence (35) . However, our rats were trained to "dive" underwater voluntarily, while the seals in the study of Jobsis et al. (35) were trained by repeatedly "dunking" them under water. Nevertheless, the fact that bradycardia was unchanged either with or without dive training here promotes the reflex nature of the bradycardia to underwater submersion in the rat.
PP was also not different between the groups, but the data (Fig. 4) were much more scattered in groups dunked underwater involuntarily. Moreover, the MABP responses of naive rats dunked underwater involuntarily were statistically different from those of either group previously trained to dive. This fact suggests that perhaps a psychological component may influence hemodynamics when the diving response is forcibly induced in mammals. Perhaps emotional factors like fear induced variable increases in sympathetic nerves in these cases.
These responses of naive rats make the model of involuntary submersion questionable for studies of the diving response. We thus agree with the speculation of others that voluntary and forced dives are different, and data from forced submersion experiments on naive animals especially should be interpreted cautiously. Nevertheless, if hemodynamic behavior is studied in rats during forced submersion, we suggest it is best studied in rats trained to dive underwater since the responses of dunked divers were similar to those of the voluntary diver group.
Voluntary diving versus nasal stimulation in anesthetized rats. Many investigations of the brain are best done on anesthetized animals secured in a stereotaxic apparatus, so that coordinates may be used to localize nuclei in the brain. Although this procedure limits the utility of underwater submersion for inducing the diving response, similar responses can be induced by stimulating the nasal mucosa of rodents with noxious vapors. In this regard we stimulated the nasal mucosa of anesthetized muskrats with ammonia vapors in the past to help us decipher the neural control of the diving response (15, 54, 57, 71, 73, 79, 103) . We thus compared the cardiovascular responses to underwater submersion in an awake rat voluntarily diving underwater to those elicited in the same animal by nasal stimulation with ammonia vapors under urethane anesthesia.
It has been recognized for considerable time, however, that general anesthetics effect cardiovascular reflex responses to stimuli (3-5, 21, 29, 44, 45, 90, 105) , including those in the diving response to underwater submersion (15, 19, 95, 101) . Unmyelinated and small myelinated fibers innervate the nasal mucosa and provide most of the fibers in the anterior ethmoidal nerve (2, 12, 23, 54, 96, 97) . These small fibers also are probably important for the hemodynamic responses elicited by nasal stimulation with ammonia vapors (84) . General anesthetics influence the firing behavior of both peripheral afferent fibers as well as neurons in the central nervous system. For example, A␦ and C fibers found in somatosensory nerves often increase the frequency of their firing in mammals under volatile anesthetics (11, (61) (62) (63) 94) , but the potentials initiated in similar-sized fibers in the carotid sinus nerve are unaffected by injected urethane (90) . Moreover, neurons in the rostral ventrolateral medulla, which mediates sympathetic activation during nasal stimulation (59) , are inhibited by urethane (90), while pentobarbitone may actually enhance reflex activity relayed through this region (91) . The hemodynamic responses elicited in the anesthetized rats here also were more erratic than those of voluntary divers, as judged by the large spread of data (Fig.  5) . We speculate that the wider variability of bradycardia and changes in MABP elicited by nasal stimulation of the anesthetized rats was due to the urethane anesthetic, presumably affecting neurons in the central nervous system.
Although the bradycardia induced in our nasally stimulated rats anesthetized with urethane was significantly different from control levels, similar to a previous report (84) , it also was significantly different from that induced in voluntary underwater diving. Moreover, the change in MABP of the anesthetized rats was significantly different from that of both voluntary diving and nasal stimulation of decerebrate rats without anesthesia. Our data suggest that the responses of the nasally stimulated anesthetized rat are the least similar to those of the voluntary diving rat.
Voluntary diving versus nasal stimulation in decerebrate rats. The diving response has been shown to be present in decerebrate animals previously (25, 53, 78) , suggesting that the neural circuits for the diving response are intrinsic to the brain stem. We tested the effects of the ammonia stimulus on the nasal mucosa of rats whose brain stems had been transected after initial sedation with the volatile anesthetic isoflurane. While volatile anesthetics themselves also can affect cardiovascular reflex activity (29, 62, 64, 82, 105) , they are quickly eliminated from the body (see Nagasaki et al., 2001 ). The median HRs seen after submersion in awake voluntary diving rats in the present study were similar to those seen in rats whose brain stems were transected (present study; Ref. 78 ). This emphasizes the reflex nature of this response and again negates an emotional component during diving in rats. The MABP responses of decerebrate and voluntary diving rats were similar here, although PP was significantly more robust and variable in the decerebrate rats than in voluntary divers. Electrical stimulation of the anterior ethmoidal nerves of the rat in working heart-brain stem preparations (83) also induces dramatic bradycardia and apnea, and these preparations are not anesthetized, but arterial blood pressure is not measured. We suggest that decerebrate preparations may prove valuable for deciphering the neural circuit for the diving response once the proper level of transection is formulated.
Summary. The brain drives behavior, including the cardiorespiratory changes seen during underwater submersion. However, investigations elucidating the neural control of the diving response in marine mammals are difficult because of their native aquatic environment, their relatively large brains, and the paucity of information about them. We provide data here on some hemodynamic variables induced during diving behavior of the laboratory rat, which is commonly used in neuroscience research. We show that the hemodynamic changes recorded telemetrically in rats to underwater submergence are remarkably similar to those seen in naturally diving species. We show that the typical cardiorespiratory responses noted in a voluntarily diving rat are not mimicked by a rat swimming on the water's surface. Moreover, the cardiorespiratory responses to underwater submersion in the laboratory rat have been almost invariable in the over one thousand trials we have recorded. Involuntary dunking of animals also induced hemodynamic responses similar to those seen in voluntary diving.
The invariability of bradycardia during voluntary or involuntary submergence suggests that this parameter may be reflex in origin. Our data suggest, however, that variables such as stress may be involved when the rats are involuntarily submerged. We document that responses from anesthetized rats stimulated nasally with ammonia vapors were the least similar to those of awake rats diving voluntarily, while some responses from decerebrate rats stimulated nasally were similar to those seen during diving. We thus suggest that investigations of this nasopharyngeal reflex may be best if decerebrate preparations are used to eliminate the effects of injected anesthetics. Although respirations were not recorded in the awake rats submerged in this study, they apparently were inhibited during submergence, since rats neither had difficulty breathing after emergence from the water nor drowned despite diving repeatedly. We thus promote the common laboratory rat as a logical model for studies detailing the complex neural components driving the mammalian diving response.
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